Solar cells based on n-type multicrystalline silicon (mc-Si) wafers are a promising path to reduce the cost per kWh of photovoltaics; however, the full potential of the material and how to optimally process it are still unknown. Process optimization requires knowledge of the response of the metalsilicide precipitate distribution to processing, which has yet to be directly measured and quantified. To supply this missing piece, we use synchrotron-based micro-X-ray fluorescence (l-XRF) to quantitatively map >250 metal-rich particles in n-type mc-Si wafers before and after phosphorus diffusion gettering (PDG). We find that 820 C PDG is sufficient to remove precipitates of fast-diffusing impurities and that 920 C PDG can eliminate precipitated Fe to below the detection limit of l-XRF. Thus, the evolution of precipitated metal impurities during PDG is observed to be similar for n-and p-type mc-Si, an observation consistent with calculations of the driving forces for precipitate dissolution and segregation gettering. Measurements show that minority-carrier lifetime increases with increasing precipitate dissolution from 820 C to 880 C PDG, and that the lifetime after PDG at 920 C is between the lifetimes achieved after 820 C and 880 C PDG. Published by AIP Publishing. For photovoltaics (PV), n-type multicrystalline silicon (mc-Si) wafers are an attractive alternative to p-type mc-Si wafers. One advantage is that some common metal point defects, notably interstitial iron, are less recombination active in n-type than in p-type Si. [1] [2] [3] It has been shown that phosphorus diffusion gettering (PDG) can increase the lifetime of n-type mc-Si, including in low-lifetime ingot border regions, [4] [5] [6] [7] and that industrially relevant efficiencies are achievable. 8 For p-type mc-Si, simulation of the redistribution of metal impurities during PDG and the resulting lifetime impact has enabled development of PDG processes that improve yield and extract higher performance, especially in border regions and the top of the ingot. [9] [10] [11] [12] For n-type mc-Si, lifetime models for point defects 1 and iron-silicide precipitates 13 have been developed. The precipitated metal distribution for a range of PDG temperatures has yet to be measured and quantified, hampering the development of modeling and processing that is co-optimized for manufacturing throughput and high performance. In this contribution, we mapped the precipitated metal distributions in n-type mc-Si wafers before and after several processes. We also report spatially resolved lifetime improvement associated with each process.
Three nearly vertically adjacent wafers with thickness 205 6 5 lm and resistivity of 2 X cm were selected from the middle height of a corner brick of a 6N's purity compensated n-type upgraded metallurgical grade (UMG) industrially produced Generation 5 cast mc-Si ingot. The low-lifetime "red zone" region formed near the crucible walls during casting was identified with microwave photoconductance decay using a Semilab WT-2000. All samples were CP4 etched to a thickness of 190 lm to remove saw damage.
From each wafer, several samples were selected for characterization and processing. To quantify the total concentrations of metal impurities in the as-grown wafers, 1 g samples from the red zone were selected from two of the wafers for inductively coupled plasma mass spectroscopy (ICP-MS). To map the precipitated impurity distribution before and after PDG, a 1 Â 1 cm 2 sample was selected from the red zone of each wafer for synchrotron-based micro-X-ray fluorescence spectroscopy (l-XRF) measurements. For photoconductancecalibrated photoluminescence imaging (PC-PL), 4 Â 5 cm 2 lifetime samples adjacent to each l-XRF sample were cut.
The l-XRF and electrical characterization samples were phosphorus-diffused in a Tystar Titan 3800 tube furnace at 820, 880, and 920 C for 60 min followed by a slow cool at $4 C/min to 600 C, at which point they were unloaded from the furnace. The time-temperature profiles and their respective sheet resistances measured on a p-type Cz-Si control sample processed at the same time are shown in Figure S1 . 14 The same region on each sample was measured before and after PDG. To test the effect of the time spent at diffusion temperature on the precipitated metal distribution, l-XRF was also measured on a sample that was diffused at 820 C for only 30 min followed by the same slow cool (S820 C). l-XRF was measured at Argonne National Laboratory's Advanced Photon Source Beamline 2-ID-D using an incident X-ray energy of 10 keV with data mapped in step-by-step scanning mode. A R33 grain boundary that is present in all three l-XRF samples was identified with electron backscatter diffraction (EBSD). For the post-PDG l-XRF measurements, to compare precipitates near the surface that were a) E-mail: aemorish@alum.mit.edu b) E-mail: buonassisi@mit.edu observed in the as-grown l-XRF measurements, the phosphorusdiffused layer was left intact. l-XRF maps were measured along the grain boundary in 220 nm steps with a spot size of 209 nm at full-width half-maximum. To be considered a detected precipitate, a given pixel had to have a metal loading above both of the following noise floors. The statistical detection limit (SDL) was set at four standard deviations above the mean of the noise. 15 The theoretical minimum detection limit (MDL) was calculated from the measurements of NIST standards 1832 and 1833 measured in the same experimental configuration as the respective sample. We assume that the detected Fe in these mc-Si wafers is in b-FeSi 2 precipitates 16 in which 3.76 Â 10 À23 cm 3 is the effective volume of one Fe atom. 17 We further assume that precipitates are spherical and that for size calculations they are at the sample surface as in Refs. 10, 15, 18, and 19. Further details are available in Refs. 10 and 18.
The PC-PL images were captured using the same experimental setup as in Jensen et al. 15 and originally described in Herlufsen et al. 20 Surface passivation is the same as in Jensen et al. 15 To enable measurement of the bulk lifetime, before the post-PDG surface passivation, 10 lm of the samples were etched with CP4, removing the phosphosilicate glass and the phosphorus-diffused layer.
The ICP-MS results ( Figure S2 ) reveal V, Fe, Ni, Co, Cu, Zn, Zr, Nb, Ag, and W in the red zone. 14 , and 1.6 Â 10 13 cm À3 , respectively. Consistent with the high concentrations identified by ICP-MS, the as-grown l-XRF measurements revealed Fe-, Co-, Ni-, and Cu-containing particles co-located along the R33 grain boundary ( Figure S3 ).
14 Zr, Nb, Mo, Ag, Sn, W, and Au are not detected in the as-grown l-XRF measurements because their Ka binding energies are greater than the 10 keV incident energy. 21 We hypothesize that any Zn particles are too small to detect because Zn diffuses relatively slowly in silicon and thus may be found in a high spatial density of small precipitates. 22 V, Cr, and Mn were also not detected in quantities above the noise floor of the l-XRF measurements. ICP-MS was measured on two red zone and two bulk samples from the same wafers. The full results are shown in Figure S4 . 14 After all of the PDG processes studied, Fe is the only metal that persists at detectable levels in the l-XRF measurements. Shown in Figure 1 is the Fe channel of quantified l-XRF maps of a $50 lm-wide portion of the grain boundary before and after each 60 min PDG process. Bright yellow pixels have high Fe loading, likely along the plane of the grain boundary. PDG at 820 C reduced the number of Fe precipitates from 39 to 28, a 28% removal. PDG at 880 C reduced the number of precipitate from 58 to 36, a 38% removal. Finally, PDG at 920 C removed all 60 Fe precipitates, to within the detection limit, a 100% removal. The post-PDG l-XRF maps for the S820 C and 820 C processes are shown in Figure S5 . 14 The Fe maps of Figure 1 were further analyzed to quantify the precipitate size distribution before and after PDG. Figure S6 shows the number of Fe atoms per precipitate and the corresponding calculated precipitate radius before and after each process.
14 As-grown, Fe-rich precipitates ranging in size from 8 to 30 nm were identified. After PDG at 820 C, the mean precipitate size is similar, and the median precipitate size increases compared to the as-grown state. After PDG at 880 C, the mean and median precipitate size decrease noticeably from the as-grown state. After the 920 C PDG, even though the noise floor of the l-XRF measurement after PDG was lower than that of the as-grown measurement, no precipitates were detected. To directly compare the effect of PDG at 820 and 880 C, histograms of the precipitate size distributions are plotted in Figures 2(a) and 2(b) . After PDG at 820 C, the relative frequency of many of the precipitate sizes decreases. In contrast, PDG at 880 C shifts the precipitate size distribution to smaller precipitates. A histogram of the precipitate sizes after PDG for the S820 C and 820 C process shows very similar distributions ( Figure S7 ). 14 To quantify the effect on an individual precipitate basis, for Fe precipitates identifiable before and after PDG in the maps of Figure 1 , the percent reduction in the number of Fe atoms per precipitate was calculated for each precipitate, and the resulting frequency distribution of the size reduction for each process is shown in Figure 2 . For PDG at 820 C, the peak of the size reduction distribution is 45% reduction. For PDG at 880 C, the peak of the size reduction distribution is higher at 65% reduction. The total sample area scanned after PDG was larger than that included the areas scanned before processing to ensure that all regions measured as-grown would be measured after PDG. The trends in precipitate size in the subset of the data shown in Figs. 1 and 2 are the same as those of the full data set. The full Fe l-XRF maps are shown in Figure S8. 14 The quantified Fe precipitate sizes for all of the regions mapped (shown in Figure S5 and S8) are shown in Figure S9 . 14 To quantify the improvement in lifetime after each process, the spatially resolved ratio of post-to pre-PDG PC-PL lifetime was calculated. Then, for each pixel, the lifetime improvement ratio was plotted as a function of the as-grown lifetime (Figure 3 ). PC-PL lifetime images at an average injection level of 1.4 Â 10 14 cm À3 before and after PDG and their ratio are shown in Figure S10 .
14 As-grown samples had similar lifetimes with a harmonic mean of 23 ls. After processing, the lifetimes increase for all processes by over an order of magnitude. The post-PDG harmonic mean lifetimes were 500, 575, and 520 ls for PDG at 820, 880, and 920 C, respectively.
Our results support the hypothesis that the redistribution of metals during PDG is similar in p-type and n-type mc-Si. l-XRF measurements of as-grown p-type mc-Si wafers with a very similar total Fe concentration of 4.4 Â 10 14 cm
À3
revealed a similar precipitate size distribution of up to 30 nm radius particles. 18 After PDG at 870 C, precipitates of fastdiffusing species, specifically Cu, were readily removed from p-type mc-Si, but Fe precipitates persisted at a reduced level. 10 For p-type mc-Si with a total Fe concentration of $10 15 cm À3 , the median reduction in precipitate size of Fe-rich precipitates identifiable both before and after PDG increased as the PDG temperature increased. 10 The median reduction after 820 C, 870 C, and 920 C PDG was 84.1%, 85.3%, and 91.5%, respectively. 10 For the highest temperature 920 C PDG, we hypothesize that the Fe precipitates were reduced to below the detection limit in the n-type material because the total Fe concentration of 4.7 Â 10 14 cm À3 is slightly higher than the solid solubility of Fe at 920 C, 23 making it likely that in the bulk, full dissolution was achieved at guttering temperature. The reported percent reductions in precipitate size after the 820 C and 880 C PDG were higher than those observed in this study. We attribute this difference to the differences in the initial Fe distribution, time-temperature profiles, and differing noise limits of the measurements. Thus, the temperaturedependence of metal redistribution in p-and n-type mc-Si studied herein is similar and, for simulation purposes, can be assumed to be the same.
We observe similar precipitate-dissolution behavior during PDG in both n-and p-type silicon, suggesting similar governing physics. Our calculations indicate that at PDG temperatures, the Fermi energy is close to or at midgap for both n-and p-type silicon. Figure 4 shows the evolution of the energy band diagram of crystalline silicon as a function of temperature for phosphorus-doped and boron-doped silicon for three different resistivity levels relevant to PV. At temperatures relevant for PDG, >500 C, in both p-and ntype Si, the intrinsic carrier concentration is high enough that the Fermi levels of the doped material approach the C is the most effective, followed by PDG at 920 C. PDG at 820 C is the least effective. Each data point is a pixel from the images shown in Figure S10 . C. E F -dependent physical phenomena driving the redistribution of Fe during PDG are thus similar in n-type and p-type mc-Si during PDG.
intrinsic Fermi level. This has important implications for transition-metal diffusion and segregation. The physics underlying PDG are the nucleation and subsequent growth or dissolution of precipitates, the solid solubility, and the diffusivity of metal point defects. 24 This study provides evidence that the trends in these physical driving forces are similar in n-and p-type silicon at PDG process temperature for deep level defects. The nucleation and subsequent growth or dissolution of precipitates do not depend on the base doping type when nucleation occurs at high temperature, 25 but rather on the local temperature-dependent solid solubility, the local dissolved species concentration, the precipitate size, the surface energy, lattice strain, and the morphology of the precipitate. [26] [27] [28] [29] [30] The solid solubility of doped Si is enhanced compared to that of intrinsic Si, but the enhancement is similar for Fermi levels that are equidistant from midgap. 23, 31, 32 Finally, the diffusivity of metals in Si depends on the relative concentrations of charged and neutral species. For a wide range of parameters, including doping type and varying relative concentrations of charged and neutral Fe, the diffusivity of Fe in Si can be relatively well described with a single straight line fit. 23 At higher temperatures, the majority of the Fe is neutral because the Fermi level is at or close to the midgap as discussed above. 23 Modeling indicates that the >500 ls lifetimes measured after PDG in this 6N's UMG n-type mc-Si are long enough to support high-efficiency solar cells. 6, 33 The lifetime trends are also similar to those in a similar study of p-type mc-Si that was gettered at 820 C, 870 C, and 920 C. 10 For both materials, the average lifetimes increased by over an order of magnitude, and the lifetime was longest after PDG at the intermediate temperature.
Our results are consistent with the hypothesis that, as with p-type mc-Si, 24 ,34 removal of both precipitated and point defect impurities is likely important for maximizing lifetime in n-type mc-Si. Further comparative investigation, including the effect of hydrogen passivation 35 on defect recombination activity, measurements of the recombination activity of individual metal-rich precipitates, and further perturbations of the time-temperature profile parameters, is needed to clarify the role of the metal impurity distribution in the performance of n-type mc-Si and thus how to process it to extract its full performance potential.
In summary, using a combination of synchrotron-based l-XRF mapping of >250 metal-rich particles and PC-PL lifetime imaging, we show that metal impurities in industrially grown n-type UMG mc-Si are getterable and that PDG improves minority carrier lifetime by over an over of magnitude. PDG at temperatures as low as 820 C fully removed Cu-, Ni-, and Co-rich particles to below detection limits. We achieved partial removal of Fe with PDG at 880 C and a 920 C process removed all precipitated transition metals to below detection limits. PDG at 820 C for 30 min and 60 min resulted in similar precipitated Fe distributions, indicating that precipitate dissolution may saturate after 30 min or less, pointing to an opportunity to shorten processing without sacrificing precipitate remediation. Our results are consistent with calculations showing that the physical mechanisms underlying the redistribution of metals during PDG are similar for n-type and p-type mc-Si.
